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A PRELIMINARY INVESTIGATION OF BOUNDARY-LAYER
TRANSITION ALONG A FLAT PLATE WITH -
ADVERSE PRESSURE GRADIENT

By Albert E. von Doenhoff

SUMMARY

Boundary-layer surveys were made throughout the tran-
sition region along & smooth flat plate placed in an 3ir
stream of practically zero turbulence and with an adverse
pressure gradient. The boundary-layer Reynolds Number at
the laminar separation point was varied from 1 800 to
2,800. e A

The test data, when considered in the light of cer-
tain theoreticael deductions, indicated that transition
rrobably began with gseparation of the laminar boundary
layer. The extent of the transition region, defined as
the distance from a calculated laminar separation point
to the position of the first fully developed turbulent
boundary~layer profile, could be expressed as a constant
Reynolds Number run of approximately 70,000. Some specu—
lationg are presented concerning the applicatlion of the
foregoing concepts, after certain assumptions have besh
made, to the problem 6f the connection between transition
on the upper surface of an alirfoil at high angles of at~
tack and the maximum 1ift. s o

INTRODUCTION

The effects of the transition from laminar to turdu-
lent boundary-layer flow on the aerodynamic characteristics
of bodies are known to be large. Reynolds! classic experi-
ments concerning the flow in pipes showed that flow dis-—
turbances and surface irregularities make for early transgis’
vion. TNumerocus investigators have observed similar ef-
fects of such disturbances on the transition from laminar _
to turbulent boundary-layer flow. o : -
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Some steady factors have also been found to affect
the occurrence of transition, Investigations of the
boundary layer along airfoil sections and airship forms
have indicated that an adverge pressure gradlent along
the surface tends to causge early transition (reference 1l).
Tollmien (reference 2) has shown that, for a perfoct fluid,
S—-shape velocity profiles such as exist in the presence of
an adverse pressure gradient are unstable.

The purpose af the presont investigation was to study
tho nature of boundary-layer transition In the presence of
an adverse presgsure gradient with disturbing influences,
such as stream turbulence and surface roughness, reducod to
negligible proportions. )

The investization was carried out with a smooth flat
plate in the presence of an adverse pressurc gradient with
practically zero air-stream turbulence. The range of the
tests was limited by the available equipment to compara—
tively low Rcynolds Numbers. The range of RHoynolds FNumber
and of pressure gradient was, however, sufficlent to . in-
clude the conditions that exist near the nose of an alr-
foil at high angles of attack, extonding into the full-
scale range. As an example. of the significance of the re-~
sults, they are analyzed in re¢lation to the variation with
Reynolds Number of the maximum 1ift coeofficient of the
N.A.C.A. 2412 airfoil section.

Boundary~layer surveys were made throughout the tran-
sition region. The Reynolds Number, based on the distance
from the leading edge of the plate tv the calculated sepa-
ration point, was varied from 74,000 to 145,000. The cor-
responding range of boundary-layer Reynolds Numbers at the
separation point is from Rg = 1,800 to ‘Rg = 2,600. The
investigation was carried out in the N.A.C.A. smoke tun-—
nel because of the low turbulance in the alr strean.

APPARATUS AKD {ETEODS

A general view of the installetion of—the avparatus
in the tunnel is given in figure 1. The flat plate was of—
monel metal and was 16 inches wide, 60 inches long, and
/16 inch thick. The upper surfacé of the plate was pol~
ished and the leading edge was rounded for smooth flow
entry. An adverse pressure gradient was obtained by plac-
ing the plate in a diverging channel.
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The ‘entrance of the rectangular channel in which the
plate was placed was faired from the original smoke-tunnel
walls. The width of the channel was 16 inches for the en-
tire length of the plate and the height wvaried from 6
inches at the leading .edge to 10 inches at the trailing
edge of the plate. In order %o make the structure rigid,
the top and bottom of the channel were made up of /16—
inch aluminum plates supported from 2 by 2 by 1/4 inch du-
ralumin ongles. The sides of the channel were of plate
glass to make smoke—flow studies possiblé.

Slots, 1/32 inch wide, for boundary—layer control
were located at 1-foot intervals along the channel %o pre-
vent excessive thickening and separation of the boundary
loyer on the sides, top, and bottom of the channel walls.
A screen covering the downstream end caused higher pres-
sures to occur inside the channel than outside, thus forc-~
ing part of the boundary- layer air to flow through the
slots. - e e -=

The essential element of the hot-wlre anemometer
used in making the boundary—layer surveys was a fine plat-
inum wire 2 inches long and 0.002 inch in diameter, silver-
soldered to two flexible brass supporting prongs of a
forked holder that kept the wire in tension. The holder
extended through a2 hole in the top of the channel and was
clamped in a vertical micrometer.

Figure 2 shows the electric circuit used. The cur-
rent through the wire was maintained constant to within
1/4 percent by a current balance that held the current at
a constant value independent, within cortain limits, of
the resistance of the wire and the value of the line volt-
age. Tho current was adjusted to the desired value by
meang of the resistance Ri. Velocitlies were determined
from variations in the resistance of the wire.

A pitot tube was used as a standard for calidbrating
the hot—wire anemometer and alsgo for malntaining a con-
stant tunnel air speed. The tube was of the standard
NePueL. type and was made according to the drawings in fig-
ure 5(a) of reference 3. Because of the low tunnel speeds,
a pressure multiplier having a ratio of approximately 100 1
was used. The multiplied pressure was réad on a water ma-
noneter,

form:

Callbratlons of the hot wire were plotted in the usual'

Il
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e 2

i®* R B, o )

— S — = a + b JV
R - Ry

where i ig the current through the hot wire.

R, resistance of wire at air sgpeed V.

‘v

R resistance of wire at ambient temperature.

o, temperature coefficient of resistance of
hot wire. : o

VY, air speed.
2 and b, constants.

In order to avoid errors due’ to changes in the cali-
bration, the wire was callbrated immediately upon the com—
rletion of severy run.

TESTS AND RESULTS

The velocity distribution over the plate outside the
boundary layer wae determined from obeervations at the
following five positions along the plate:

Station - - - = - ~ - - =~ A B ¢ D E

Digtance back of lcading . T . o
edge, in. - - - -~ - - -:13-1/4 21 27 33 39

Figure 3 ghows the velocity distridution oveor the
rlate. The velocity just outside the boundary layer at
any point aloang the plate U 1s given in terms of the
corresponding velocity Uy, at station A.

Boundary~layer surveys were made at stations A4, B,
C, and D at each of three tunnel speeds. '

The velocity ingide the bound@ry layer u, 1is plot-
ted agalnst the distance from the plate y, 1in figures
4, 5, and 6.

Although the tests were made for only one valus of
the pressure gradient, it can be shown by Reynolds' law
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of similarity that running the tests throughout a speed
range i1s equlvalent to running them throughout a range of
Pressure gradients.

PRECISION

The relative accuracy of individual observations 1s
dependent mainly upon the sensitivity of the measuring in-
struments. It is estimated thaet the relative &dccuracy of
the hot~wire measurements of velocity is %£2 percent., Be-
cause the calibration of the hot wire varied considerably
with time, the errors .in the absolute values are somewvhat
greater. Ag is stated above, this source of error was Te-
duced to a minimum By calibrating the wirc immediately
upon the completion of every run.

Calibrations of the pitot head given in reference 3
show that it reads the correct dynamic pressure to within
1 percent over the range used. The pressures indicated by
it could be determined with an accuracy of £0.0003 inch of
water. .

Meﬂsurements of distance from the surface are accu-
rate to within +O 002 inch. '

DISCUSSION

The purpose of the first phase.of this discussion 1isg
to present certain inferences concerning the nature of
transition from the relations observed in these tests.
Although it is realized that the experimental data at hand
are lnsufficient to justify definite conclusions, they do
give an insight into the nature of transition when consid-
ered in the light of certain theoretical deductlons. ’

Lominar region.-~ In order to determine the pOSition
on the plate where the laminar boundary layer might be exw-
nected %o separate, the laminar boundary layer character-—
istics were calculated by the von Karman-Millikan method
(reference 4) using the experimentally obtained velocifty
distribution over the plate. The calculationg show that
scparation occurs when the velocify decreases to 0.898 of
its value at the leading edge of the plate. This value
corresponds to a distance of 17.5 inches from the leading
edge. It is to be noted that the position of the calcu-
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lated separation voint is indepentdent of the Reynolds Nun-
ber.

A comparison of-the experimental and calculated veloc—
1ty profiles at station A is given in figure 7. The re-

vy R
L

sults are plotted in the form u/U against where

L is the distance from leading edge of-
plate to laminar sevaration point.

, Reynolds Number UL/v.
v, the kinematic viscosity.

The experimental data for all speeds when plotted in this
form define a single curve, which shows definitely that
the boundary layer at this point is laminar.  The agree~
ment between the calculated and experimental profiles is
similar to that found in referance. 5.. The resultes of refw
erence 5 show good agreement between the calculated and
experimental separation pointe; 1t is therefore reasonable
to suppase that the boundary layer. cn the plate will sep~
arate near the calculated position,

Irangitjon region.~ Large intermittent fluctuations in
velocity were observed at station B for all tunnel speeds.
Similar fluctuations were observed at the lowser tunnel
speeds gt station OC. It was found that the boundary-layer
thickness & 1increased rapidly between stations 4 and C,
These results show that transition . must begin between sta-~
tions A and B near the point where laminar separation
ig exvected.

Observations of tho smoke flow over the plate ghowed
that the boundary-layer flow was smooth at leagt as far
back as the calculated separation point. As the Reynolds
Number was changed, no large movement of the point where
transltion started was apparent. Boundary-layer velocity
profiles at the lower speeds show a region of relatively
quiet alr next to the plate. These velocity profiles arnd
the direct smoke-flow observations indicate that separation
of the laminar boundary layer actually takes place locally
near the calculated point and that transition is probadly
caused by the instability of the subsequent flow,

Examinatlon of the data shows that the position along
the surface where the fully developed turbulent boundary
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layer first occurs varies with the Reynolds Number. For
the highest speed, the boundary-layer profile-at station

C is of the fully developed turbulent type. (See figs 4
and 8.) 4t the lovest speed, a fully developed turdbulent
profile occurs a short distance downstream from station D.
(Sec figs. 6 and 9.) :

The direct smoke-~flow observations having indlcated
that the transition was closely associated with nnd fol= -
lowed laminar separation, and the measured profiles having
shown thot the distance required to reach the fully devel-
oped turbulent layer was affected by the Reynolds Number,
o quantitetive relation between separatlon and transition
vas sought. In other words, an estimatc was attempted of
the extent of the transition region, which was considsrcd
to lie between the laminar separation point and the posi-
tion where fully doeveloped turbulent profiles were ob-—
served. The approximate position of tho fully developcd
turbulent profile could be determined from these prelimi-
nary experimonts dbut, unfortunately, these experiments
were not sufficiently extensive to permit the direct loca-
tion of the separation point. I% was considered justifi-
able, however, to cmploy & calculatéd separation point
becauge the experimental evidence did not conflict with
this location and because the theory had previously been
experimentally verified. 4&n estimate of the extent of the
transition region could thus be made and its variation
with Reynolds Number studied.

The result suggested that the length of the transi-

tion region, defined as the distance from the laminar saB=""~

aration point to the nosition of the first fully developed
turbulent boundary layer profile, can bé expresged as a
constant Reynolds Number of approximately 70, OOO through—
out the range of the tests.

The development of the turbulent boundary layer can
be seen from a comparison of the velocity profiles for the
different speeds at station C. (Ses figs. 4, 5, 6, and
'8+) A%t the lowest speed, the veldcity profile shows a re-
gion of relatively gqulet air next to the plate. As the
speed is increased, this region disapvears. ~The velocity
profile at thisg n01nt is of the fully doveloped turBulonE
type at the highest speod.

When plotted on logarithmic paper (figs. 8 and 9),
the experimental points for the outer nlne—tenths of %he
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fully developed turbulent velocity profiles fall on a
straight line with a slopo of 1/6.4., The deviation of tho
points for the inner one~tenth of the boundary-layer thlcke
ness is an indication of-the extent of the laminar sub-
layer.

From a summarization of theo results of the preceding
discussion, it seems likely that transition occurred in
the following manner. The boundary-layer flow was lami-
nar up to the laminar separation point. Downstream from
the geparation point, a region of; relatively gquiet alr ox-
isted next to the plate over which the outside air con=-
tinued to flow. Because of the instability of such a sys~
tem, turbulence started, finally resulting in the devel-
opment of a turbulont boundary layer. The extent of the
entire transition roglon, defined as the dlstance from
the leminar scparation point to the posgition of the first
fully developed turbulent boundary-layer profile, appcars
to be approximately exprossed as a constant Reynolds Num~—
ber

v

J_x
—%— = 70,000

whore Ug 1s the velocity outside the boundary layer
at the laminar separation point. .

%, the extent of the trangition regilon.

In the second phase-of the discussion, some specula-
tions ara prescented concerning the application of tho
forocgoing deductions to a practical problem. The type of
transitlon described has been observed noar tho leading
edge on' the upper surfaco of airfoils just before the
stall (reference 6). In the application of these concepts
to the flow on the upper. surface of an alrfoil, an attempt
has been made to calculate the variation of maximum llft
coefficient with Reynolds Number. - .- Ce s -

Speculations on the application to an airfoil gection.-
Before the concepts developed from: the analysis of the
transition region along the plate ¢an be applied to other
bodies, the flow conditions in the, boundary layer along
the body must be examined to see what relation they bear
to the conditions along the plate. Several boundary-layer
calculations by the von Kdarman-Millikan method have shown
.that, in most cases encountered in . practice, leminar sep-
aration-noint profiles are nearly similar in shape. Con-
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slderation of the small region 1n the neighborhood of a
separation point shows that the only refefence length

available for forming a nondimensional pressure gradisnt
is the boundary-layer thickness &. The nondimensional

rressure gradlient is therefore written in the form g-%i
where q is the dynamic pressure ocutside the Dbound-

ary layer.

v, %the static pressurs.

s,- digtance along the surface,

It can be shown that this pressure gradient and the bound-
ary—-laver Reynolds Number 35 at a laminar sepaFa&tion
point are connected by the approximate relation

§ dp
Ry — == = consftant
8 a 4s . ;

This relation shows that, if the wvalue of R, at the lam-~

8
inar separatlon point on .the airfoil and on the plate is
the same, the value of % gg will also be approximately

the same. Under these conditions, the plate experiments
nay be congidered applicable to the airfoil cass.

In addition to the foregoing considerations, some
method must be found for taking into account the effects
of curvature. The following assumptions, which are nec~
essary to make the calculations possible, are noit regarded
as quantitatively accurate. They are introduced merely to
complete qualltatlvely the picture of transition as it oe-
curs on & curved surface in the presence of an adversse
pressuroc gradlent with practically zsero stream turbulence.

™~ ~In the case of the flat plate, the region of quiet
air after the separation point is necessarily thin because
the direction of the outside flow 1g nearly narallel to
the plate, Smoke—~flow studles of wvarious bodles indicate
that, when gseparation takes place on g curved surface, the
flow leaves in a direction avproximately tangent to the
surface at the separation point. In the calculations it
will thorefore be assumed that the flow leaves the surface
in a direction tangent to the surface at the laminar sep-—
arantion point, '
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On the flat plate, the cntire length of the trangle
tion region was expressed as a cohstant Reynolds Number
run of 70,000. This value, however, represents the length
corresponding to the attainment of a fully developed tur-—
bulent boundary-layer profile, whereas the turbulence must
begin farther upstream; at least—the turbdbulence may be
congidered sufficiently developed.to provide the necessary
scouring action required to prevent separation at a posl-
tion represented by & Reynolds Number run less than 70,000.
For this reason, the distance from the laminar separatlon
point to the point from which the turbulence beginsg ef-
fectively to spread will be assumdd to correspond to a
Reynolds Number run of, say, 50,000,

Both the thoory of spreading turbulent Jets and ex-
poriment show that turbulence tends to spread in a lin-
ear manncr (reference 7). The angle of spread depends
upon the particular conditions. The cagse of flow closing
in after laminar separation seems %o be anslogous to tho
gpreading of a jet. For the presont 1t will be assumed
that the branch of the envelope of the turbulent flow in-
clined toward the surface makes an angle of 15° with the
line of separation. This angle is within the range of
those observed for spreading jets of different types. If—
tho spreading turbulence does not reach the body, the
boundary layer cannct re-estadblisgh itself and permanent
separation may be considered to have taken place.

The analysis was made in the following manner. The
position of the lgminar separation point was calculated
according to the method of reference 4 after finding the
rressure distribution by the method of reference 8 for
goveral 1ift cosfficlents. A straight line was drawn ftan—
gent to the profile at the separation point. Another line,
making an angle of 159 with the line of :separation, was
drawn taongent to the airfoil surface. The distance from
‘the separation point to the point of intersection of the
two lines 1s considered to represont a Reynolds Number

Us.’X’.T ’ ) ‘ . _ ’ A
Rp = —= , of 50,000 _

where Ug 1is the welocity outsido the boundary layor

at the separation point on the alrfoil.

xp 1s the length of tho line from the secpara-
tion point to the point of intersection,
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The Reynolds ¥Number of the airfoil corresponding to maxi-
mum lift for the 1ift coefficient chosen was theun computed
according to the relation

R 0 Yo
= 50,000 Ts =ap
where U, is the refersnce velocity for the airfoll.

[4
¢, the airfoil chord.

Figure 10 shows the graphical construction, for one 1ift
coefficient, on the N.A4.C.A. 2412 airfoil section,

Figure 11 gives a comparison between the experimental
variation of the maximum 1ift coefficient with Reynolds
Number (reference 9) and the calm lated velues. By the
Reynolds Number range indicated as the "range of present
experiments" is meant the range of Reynolds Numbers
throughout which Ry at the séparation point falls within
the range of wvalues obtained on the flat plate. The quali-
tative ocgreemont of fhe two curves, especially throughott
the range of the present tests, suggests that, at moderate
Reynolds Numbers, the general nature of transition on the
upper surface near the leading edge of an airfoil at high’
angles of attack probably doos not differ essentially in
character from that discussed in this report.

Much more experimental date through a wider range of
Reynolds Number both on o flai plate and on other bodies
are needed to extend and verify the tentative theory of .
transition set forth in the present report. It seems doubt-
ful that. the apparent mechanism of transIition observed in
the range of these tests would continme orerative with in-
definite incremsse of the Reynolds Number. As this increase
occcurs, the transition region becomes continually shorter
in length, approaching the order of magnitude of & at
the laminar separation point. This condition for the .
N.A.C.As 2412 airfoil, however, does not occur until R is
above 7,000,000, when the run is still approximately 10 &.
4 comparison of the experimental and calculated scale-
effect curves indicates that turbulent-layer separation ef-
fects become of major importance before this Reynolds Num—
ber is reached. T

Langley Memorial Aoronautical Laboratory,
Notional Advisory Committec for Acronautics,
Langley Field, Va., February 11, 1938,
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Figure 1l.- Calculated and experimental curves of scale. effect on meximm 1ift for the N.A.C.A. 2412

airfoll section.
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